Free electronlike Stoner excitations in Fe
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Methods have recently developed to probe the Stoner excitation spectrum which has not been
amenable to study by neutron diffraction. The experiments have utilized energy loss
spectroscopy combined with spin polarization of the incident electron beam or with spin
polarization detection of the scattered beam, or both beam spin polarization and polarization
detection [J. Kirschner, D. Rebenstorff, and M. Iback, Phys. Rev. Lett. §3, 698 (1984)
{denoted by I)]. Due to the many possible scattering processes the experiments do not
measure the Stoner excitation cross section directly but rather measure the magnitudes of
combination of scattering amplitudes. To draw even semiguantitative conclusions regarding
the Stoner spectrum requires theoretical analysis. Because Glazer and Tosatti [ Solid State
Comeun. 52, 905 (1984) ] give more complete information than previous experiments if is
possible for the first time to carry out a detailed theoretical analysis. The analysis concludes
that free electronlike Stoner excitations (FESE} make a much larger contribution to the
scattering than 4 electron Stoner excitations (IDESE), the usual type.

Recently experiments that probe the Stoner excitation
spectrum have been reported.’™ The most complete one,* 1,
makes possible a theoretical analysis that concludes that free
electronlike Stoner excitations (FESE) scattering is much
larger than d electron stoner excitations (IDESE) scattering.
A FESE is an electron hole pair excitation consisting of a &
hote and an electron of opposite spin in a free electronlike
state. In a DESE the clectron is in a d state. The dominance
of FESE scattering over DESE in I is completely unexpected
because (a) all the experimental papers interpret their re-
sults in terms of DESE and (b) the density of states for
creating a FESE is much smaller than for a DESE due to the
small density of free electronlike states relative to d states. It
is also found that exchange scattering events dominate non-
exchange events.

Although some aspects of the model used here are phen-
omenological, the results vield order of magnitude effects
and hence the conclusions appear to be insensitive to details
of the model. The model assumes that the occupied states are
d-like and all states above the Fermi energy E, are free elec-
tronlike with the exception of the unocctpied minority spin
d states located in the vicinity of the E. The number of
unfilled majority spin  state is very small and they are ne-
glected. The majority and minority spin free electronlike
states are assumed to be identical. In this model inelastic
scattering takes place as follows: an electron from the inci-
dent beam in the state / and the ground-state electron in the
state d interact via a screened Coulomb interaction and scat-
ter producing electrons in the detected state fand in the state
eord * (denoting a free electronlike state or excited d state).
In a “direct” scattering event the electron in the state io is
scattered to the observed final state fo and the electronindo’
is scattered to €0’ or in the case that o’ = | the electron in do”’
can also be scattered to 4 *|. In an “exchange” process the
electron in o is scattered to either eo (orinthecase o = | it
can gotod *|) while the ground-state electron do’ scaiters to

fo'. In 1 the energy e, lost by the beam electron, i, is (.5
eV <@ <4.5¢V. In direct scattering the beam electron / loses
energy « while in the exchange event it loses on the order of
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E,— E. =20 eV where E, is the energy of the incident
beam.

The scatiering ampiitudes that describe these processes
are given in Table I For example [, =4 (ic,do’)
— { fo,ec'}] is the amplitude for the direct event in which
the electron in state i is scattered to fo and the ground state
electron d¢’ is scattered to eo”.

All of the nonzero amplitudes are shown in Table I
where use has been made of the fact that the only empty 4
states are minority spin. The amplitudes £, F,,, and g, in
Table I are independent of ¢ because the majority and mi-
nority free electronlike states are assumed to be identical.

In Table I, f, and F_ denote direct scattering events
and g or G denote exchange events. The subscript 5’ de-
notes the spin of the 4 hole created in the excitation process
and small f,g refer to processes in which the excited electron
is in the conduction state € while F,G denote an excited elec-
tron in a d state. Thus, G, is the amplitade for creating a
DESE and g is that for a FESE.

IniF° {fiip) denotes the cross section for the scatter-
ing event in which an incoming electron of energy E, has
spin o and the outgoing detected electron has energy E, — @
and spin opposite to o, and N° (nonflip) denote the cross

TABLE I Definitions of the scattering amplitudes that contribute to the
measured cross sections ¥°, F,.

Initial  Final
state state Scattering amplitude Nomenciature
io f& X
do’ vy Alliodo’) - (fo€o)] S
o P e d* F
dl dg& [{ZO’, i)_*(fo’s l)] L
o 224 o ,
do 7 Al (ioda’y — (eo.fo') ] 8
i 2 Al(ido’ d* fo' G
4o fo [(il,do’ )~ (d*1.f5'3]) o
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section for a spin & electron in and a spin o electron scattered
out.

Inorder to analyze the experiment we include all contri-
butions to the observed cross sections. The scattering cross
sections for the flip and nonflip events, F? and N°, can be
calculated in terms of the amplitudes given by Table 1.

Fr=S41nd 1) (e, D)

+ 34 [GLE Dy (@d*L D] (1)

where the summations are over the appropriate states 4 1,el
and o 1,d *|, respectively and are such that energy, momen-
tum, etc., are conserved. Use of Table I yields

For=Y%lg*+48,. 3|6, (2a)

No=SIf, &P+ SIA1E+SIF —85,.6,1%

Equation (2} will be solved with two different assump-
tions which yield very similar results. First, interference
terms will be neglected which results in the replacement of
Eqg. (2b) by

{(2b)

Ne=Slg,P+D+6,,SIG. (3a)
where
D=3IAP+ 2L+ ZIF P (3b)

All the direct transitions are contained in D and the DESE
contribute onfy to £ *.

‘The quantity A=N ' + F* — N* — F'is the unnorma-
flized asymmetry and from Eq. (2a) and Eg. (3), A
=Z|G,|)* + Z|G, %

The data from I is shown in Fig. 1 for the scattering
angles 6 = 10° and 15°. The flip and nonflip scattering cross
sections are plotted versus energy loss w. Values of A are
found to be very small (A <F 7 ,N° ) and positive as required
with an average value of 0.26 corresponding to an average
value of A(w) = 0.05. Because %|G, |* involves a sum over
the states do one expects Z|G, =R, 2|G ' |* where R, is
the ratio of the number of minority to majority spin 4 states;
R, ~3/5. Since A is small, Z|G,|? is small and any error
introduced will have only a very small effect on the values
obtained for Z|g,|* and D. These quantities as weil as
Z|G, |? can now be evaluated using Eqs.(2a) and (3a) and
the experimental values for F © and N” . Results are shown in
Fig. 2 for scattering angles & = 10° and 15°.

A number of interesting points are evident (&) the ex-
change terms 2 g, |* which include FESE are dominant, (b)
3lg, |*=R,Z\g. |* as should be the case, (¢) the ratio of
direct terms D to the exchange terms is D /E~0.1 where
E=Zlg "+ 2lg, "+ 2|G, P+ 2|G, )% (d) the DESE
term 2|G, |? is very small, ie., 2|G,[*/Zlg, [*~0.1. Thus
the observed scattering is primarily exchange scattering
rather than direct scattering as is usually assumed. Further-
more, the contribution of DESE to the scattering is quite
smalk.
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FIG. 1. Spin dependent cross sections vs energy loss from Ref. 4 for scatter-
ing angles & = 10° and 15°. Spin flip events are denoted by £ and nonflip
events by N7 where o refers to the spin of the incident electron.

On the other hand, if interference terms in Eq. (2) are
kept very similar conclusions to (a)-(d) asbove can be
reached by a different line of reasoning based on the energy
dependence of the scattering amplitudes. Equation (2b)
gives

N =3lg,1?+ D —2Re 3f,g*
+6, (Z|G |*—~2ReZF G¥%), (4)

where D is given by Eg. (3b). The dependence of the Stoner
type of terms 2|G,, |%, £F, G * on energy loss w is expected to
be quite different from that of the other terms D, Zig_ |
Zf, g% due to the fact that the former terms involve creation
of a 4 hole and a d * electron while the latter correspond to
creation of ad holeand an electron in a free electronlike state
€. In both cases the excitation energy of the electron-hole
pair is . It is expected® that the Stoner-type terms will peak
at values of w roughly equal to the exchange probabilities £ ©
and N° are assumed to be independent of momentum then it
follows’ that these probabilities are related to the joint densi-
ties of states py, Xpg, (@) and p,, Xp.(@). Thus Z|F, 12
2lg, |3 and Zf,g* are proportionat to p,, Xp. (@)} while
Z|F % Z|G,|% and ZF,G* are proportional to g,
Xpd!. (O))

In order to estimate the magritudes of the terms in Eqgs.
{2a) and (4) we note that the shapes of p,, Xo. and
Pas XPg, as functions of @ are quite different. The ratic
(Pae XPa, )/ (Pay Xpe ) is obtained for Fe using the calcu-
lated densities of states.® This ratio peaks in the inverval 1.5
eV < « 2.5 eV as expected.” The cross section 7' involves
only a term of the type g , Xpg.. Thus we examine F* /F'
and N” /F' as functions of » and expect to find a peak dueto
contributions from terms of the typeg,, Xp,, t0 F and N°.

David R. Penn 3701

Downloaded 09 Sep 2002 to 129.6.97.18. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japo/japcr.jsp



3.0 RIS S S B B S e B S AR S
i - ©=15 1
._'IgT( e
~ .
/ ’\J\ ]
@ 20t o AN i
5 | A/ T N~
E 0/ AN
5 10| J\/\"K\/\/ 4
2z R i@, . ]
P
%} s (a) ;‘..\ /\,\'. 7N /4 \ I\‘\ /’\i\'~“ l/
£ 0.0 -4-—&——9@—{#—;—»—0-4——.—4—-—0— 4-\‘—:?#4»—&4—
2 o=1 |
123
4 py ]
P
2 a0 “'91 N ~ ]
(3 Y 1
CVAS
g | v
=
[l r
g 100 Jw/\/ ZJqu

F {b) / VA TN _,/ /S
X i~ ;
0.0 ..J_Le}\p\./v\" '«"_"ﬁ" \JV‘/\_‘L’i__._

8.0 t.0 2.0 3.6 4.0 5.¢
ENERGY LOSS (eV}

FIG. 2. Partial cross sections vs energy loss as determined by data analysis.
See the text for definitions of the cross sections.

Values of F* /F' are shown in Fig. 3 for 8 = 10°and 15°. The
ratios N° /F ' are alsc independent of . There is no evidence
for the presence of p,, Xp,, type terms so Z|F, |, Z|G, %,
and ZF, G'* are neglected in Eq. {6). Now A has the vaiue

A=2ReSf gf—2Re 3 f.g"

Assuming 3f, g¥ =R 3f, g* allows Z|g, |% D, and 2f,g* to
be determined fmm the experimental data for F 7 and N°.
The values of 2|g,, |? are essentially as in Fig. 2 while Dis two
to three times larger. The previous conclusions again follow;
exchange scattering is substantially larger than direct scat-
tering and DESE scattering is very small.
The suppression of direct transitions must be due either
to screening of the Coulomb interaction or matrix element
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FIG. 3. Values of F* /F' vs energy loss for scattering angles of § = 10° and
15°

effects, it is hoped that future theoretical calculations will
pay special attention to these points.

The small contribution of the DESE to the scattering
follows from the small values of the scattering asymmetry,
Alw) reported in I; 4{w)<0.05. Preferential scattering of
spin | electrons is due to (a) the Pauli principal and (b}
the large number of spin | empty 4 states relative to empty
spin 1 d states into which a spin i electron can scatter. If a
majority spin electron is excited in the latter process the re-
sult is a DESE. Thus, a very small value of 4(w)} implies a
small contributicn of DESE to the scattering. While the
small contribution of DESE scattering is consistent with pre-
vious estimates’ which find it to decrease rapidly with in-
creasing energy E, and to be quite small for energies ;> 5
eV, a microscopic explanation of such a strong energy de-
pendence is missing.
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